Introduction
Altlhough considerable attention has been given to the influence of wind oni transpiration, the results that have been obtained are very conflicting. Practically all control experimenits with this factor have been in the region of very low velocities. KNIGHT (12) found that a wind velocity of 7 meters per miiiniute (0.26 miles per hour) caused an increase in the rate of transpiration of about 50 per cent. STALFELT (21) , using single detached leaves suspencded in an analytical balance case, obtained a very rapid rise with winid up to a velocity of 10 meters per minute, a slower increase from there to 30 m./min., but no further increase as the wind rose to 60 m./min. (2.24 miles per hour). This maximum increase was 140 per cent. of the value with no wind. FIRBAS (8) , who employed cut shoots under a wind velocity of 3.715 rni./sec., obtained similar results with low rates of transpiration, but witli high rates (shoots in direct sunlight) wind actually caused a decrease. SEYBOLD (18, 19, 20) concluded that wind has no influence on stomatal transpiration but only on the cuticular component, the result being that only those plants with a high cuticular transpiration, namely hydrophytes, showed an appreciable increase in the transpiration rate due to the action of wind.
Observations on water losses of plants under natural conditions have also yielded conflicting results. COPELAND (6) found an increase in the tranispiration rate of cocoanut palm in full sunlight of about 100 per cent.
with a wind velocity estimated at 5 miles per hour. Others (4, 9) have noted an increase with velocities up to 8 miles per hour, but a retardation with higher velocities. WILSON (22) observed that the rate of transpiration of some Australian plants was checked when the wind velocity rose to 20 miles per hour. BRIGGS and SHANTZ (2, 3), however, concluded from their studies of the correlation between environmental factors and transpiration rates for the growing season that only from 2 to 6 per cent. of the water loss could be attributed directly to the action of wind.
Nearly all the control work in this field has been with cut shoots or leaves, which rarely give dependable results, while that with rooted plants has for the most part been under natural conditions with no attempt to control the wind velocity. A combination of these methods has been utilized in the present work by growing plants in cans but under otherwise niatural conditions and producing artificial wind by means of large fans.
These fans have also been employed in a study of the effect of continuous wind upon plant growth. Although the depressing effect of wind has long been recognized, very few measurements of a quantitative nature have been made. BLANCHARD (1) compared the growth and yield of two orchards of Eureka lemons and found that the factor of improvement in yield due to protection from wind was 5 to 7 and in size of trees about 3. FINNELL (7) has grown marigolds under a constant wind velocity of 15 miles per hour and found that it caused a reduction of about 50 The very high initial rate of transpiration that takes place at the onset of wind in the higher range of velocities apparently causes a reduction in the sap content of the leaves as shown by their slightly flaccid appearance at this time and a consequent closure of stomata, both of which factors doubtless play a part in the reduction of the relative transpiration rate that occurs during the second weighing interval. Following this second period, the flaccidity disappears and there usually occurs a rather slow increase in the relative transpiration rate, which continues until the wind ceases. The recovery of turgor in the leaves and the fact that the stomata remain at about the same degree of opening during this period of gradual increase indicate that the rise must be due to a gradual restoration of the sap content of the leaves with resultant increase of transpiration. The fact that this gradual increase exists at all indicates that the closure of the stomata retards transpiration sufficiently to permit recovery of the sap content of the leaves.
On the other hand, an indication that the stomata do not always play a controlling part in regulating transpiration is obtained from the relative transpiration rate immediately after the wind stops. Though there is at this time practically always a reduction in the rate of the test set below that of the control, it is rarely more than 20 per cent., in spite of the fact that the stomatal opening may be considerably less. In this connection it is important to note that even in cases when the stomata are open, a drop of about 10 per cent. occurs, due probably in these cases to the lower sap content of the leaves. This view is supported by the fact that the relative influence of wind on the rate of water loss during the night, when the stomata are closed, is much the same as during the day. This means either that wind has practically the same effect on the cuticular as on the stomatal component of transpiration, or that stomata may sometimes play only a small part in the regulation of transpiration. This latter view is supported by the work of other investigators (10, 13, 15, 16) .
Comparison of the data from different series indicates that the closure of stomata by wind is not entirely due to the water relations, but at least partly to mechanical action. This is well illustrated by comparison of the stomatal behavior of the test set on May 10 (wind of 5.5 m.p.h.) with that of the control on May 11. In the former case, the stomata closed and remained so while the wind continued, but in the latter they remained wide open, even though the transpiration rate throughout the series was nearly twice as great. A direct test of this assumption is difficult, since it is hard to shake a leaf without increasint its transpiration, and it is also difficult to prevent wind shaking the leaf. This effect is in agreement with the work of KNIGHT (11) and LOFTFIELD (16) When the stomata do respond to the action of wind, they close partially or completely, as the case may be, in less than half an hour, and for the high velocities in less than 15 minutes. The lowest velocity of wiind that will induce closure of stomata seems to be somewhere between 2 and 3 m.p.h., although some series have been taken in which wind of as high as a m.p.h. had no noticeable effect ona the stomata. In these, however, there was no indication of the very high initial rise in the relative transpiration rate that occurs in the series given here with the same wind velocity, although the average increase in the rate for the entire period of wind agreed very closely. The range between 2 and 5 m.p.h. appears to be critical in that wind of these velocities will sometimes close stomata, sometimes not, apparently depending upon some factor or factors to which it cannot at present be assigned. Below this range, wind has not been observed to affect the stomata, but above it invariably does so.
II. Effect of wind on growth and transpiration; long time series AMIETHODS
For these experiments, plants of Heliantihus anintus were grown from seed in cans of the type described above, with three or four seeds in each.
When the plants had reached the first leaf stage, they were selected for uniformity of height and leaf size, leaving only one in each can. The cans were then sealed with sand and cotton, and placed in wooden boxes 2 x 4 x 1 ft. deep, sunk in the ground with their tops level with the surface. These boxes were covered with rather closely fitting lids of masonite in order to prevent the large variations in soil temperature that would occur if the cans were exposed directly to the sun's rays. Four of these boxes were used with six phytometers and one check can in each. One set served as a control with only the natural wind, while the other three had artificial wind of about 5, 10, and 15 miles per hour produced by the fans described above. These fans measure approximately 20 to 22 inches in diameter, so that the stream of air was quite wide enough to cover the entire set of plants throughout the growing period. The water content was maintained constant within a few per cent. and a record of water used was kept. Measurements of leaf areas and diurnal variations in transpiration rates and stomatal openings were made at intervals during the growing period. When the plants had become as large as the wind current would cover, the series was terminated, final measurements of leaves and stems were made, and the plants were dried in a large oven to obtain their dry weights (17) .
Of the four series conducted, two were in the fall and two in the spring. For the first week after subjection to wind, sets A and B had the samie transpiration rate, while sets C and D were a little less. Thereafter, however, the transpiration rates per unit area increased with the wind, reaching a maximum for the highest velocities during the last two weeks of the series of from 35 to 50 per cent. more than the control.
The daily march of transpiration near the end of the series is represenited by the data from series II given in table VII and shown graphically in figure 7 . The transpiration rate at all times of day increased with wind velocity, but the influence is relatively greater at night than during the day. For example, set D (15 m.p.h. wind) at night used water from four to five times as rapidly as the control, while during the day only about 1.4 times. Measurements of stomatal openings during such series showed that for the greater part of the first two weeks the stomata were kept partially closed by the two highest winds, but thereafter wind had no noticeable effect on their diurnal cycle.
The final plant measurements from all four series are given in table VIII and are shown graphically in figure 8 . In all series, leaf area, stem height and diameter, dry weight, and total transpiration (with one exception) decreased with increasing wind velocity. Inversely, the water requirement increased, the maximum increment observed being about 50 per cent. in the case of the 15 m.p.h. wind in series IV. The total transpiration and water requlirement for series II could not be obtained on account of an unexpected rain that permitted unknown amounts of water to enter the cans.
All series were qualitatively alike in that wind always caused a reductioni in growth, although quantitatively there were differences, the greatest being that the effect of wind in the fall seemed to be a little greater than in the spring. In the fall, the 15 m.p.h. wind caused a reduction in dry weight to about one third that of the control, but in the spring to only about one half. Some of the observed differences are doubtless due to statistical fluctuations caused by individual differences, but some are probably caused by diversity in other environmental factors, thus altering the effect of wind. Weekly averages of air temperature and relative humidity during the four series are given in table IX.
The response of an average plant from each of the four sets in series III, arranged in order of increasing wind velocity, is shown by figure 9 . Winds of 10 and 15 m.p.h. caused the well known gnarled and stunted appearance that is characteristic of trees growing in windy habitats. The however, failed to show any material differences in the mesophyll, owing evidently to compensation by change of size. The stems, on the other hand, showed considerable divergence, particularly in the xylem elements. Camera lucida drawings of quadrants of the four stems, with only the xylem and bast strands outlined, are shown in figure 10 . Stems of plants grown under the 15 m.p.h. wind (set D) showed 22 members of the first rank of bundles and only 6 of the second, while those of the control (set A) exhibited 22 of the first, 22 of the second, and 7 of the third. The intermediate sets fell between these two extremes. Although the number of members of the first rank of bundles was the same for both sets A and D. the number of vessels in each bundle was quite different. Each first rank bundle of A was made up of about 50 vessels while those of the same rank in D had only 30. Similarly, the area occupied by the xylem was considerably larger in A than in D, the former being 3.87 mm.2, the latter 1. tively; hence the proportion of the total stem area occupied by the xylem was practically the same in both cases, being 3.4 per cent. in the former and 3.3 in the latter.
Summary
PART I EFFECT OF WIND ON TRANSPIRATION; SHORT TIME SERIES 1. The effect of wind on the transpiration rate of Ielianthus annuus depends on the velocity. With velocities up to about 2 m.p.h., the transpiration rate increases at the onset of wind about 20 to 30 per cent. and maintains this value as long as the wind acts. For velocities above this, however, there is usually a rather high relative increase for the first few minutes after the wind is turned on, followed by a fall, which in turn is followed by a gradual increase. The initial increase in the rate of water loss rises with increasing velocity, reaching 138 per cent. in the case of the 16 m.p.h. wind. This causes
